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There has been little study of whether different variants of tropical rainforest have distinct
soil microbial communities and levels of diversity. We compared bacterial and fungal
community composition and diversity between primary mixed dipterocarp, secondary
mixed dipterocarp, white sand heath, inland heath, and peat swamp forests in Brunei
Darussalam, Northwest Borneo by analyzing Illumina Miseq sequence data of 16S
rRNA gene and ITS1 region. We hypothesized that white sand heath, inland heath
and peat swamp forests would show lower microbial diversity and relatively distinct
microbial communities (compared to MDF primary and secondary forests) due to their
distinctive environments. We found that soil properties together with bacterial and
fungal communities varied significantly between forest types. Alpha and beta-diversity
of bacteria was highest in secondary dipterocarp and white sand heath forests. Also,
bacterial alpha diversity was strongly structured by pH, adding another instance of this
widespread pattern in nature. The alpha diversity of fungi was equally high in all forest
types except peat swamp forest, although fungal beta-diversity was highest in primary
and secondary mixed dipterocarp forests. The relative abundance of ectomycorrhizal
(EcM) fungi varied significantly between forest types, with highest relative abundance
observed in MDF primary forest. Overall, our results suggest that the soil bacterial
and fungal communities in these forest types are to a certain extent predictable and
structured by soil properties, but that diversity is not determined by how distinctive the
conditions are. This contrasts with the diversity patterns seen in rainforest trees, where
distinctive soil conditions have consistently lower tree diversity.
Keywords: biodiversity, microbial communities, soil pH, Southeast Asia, tropical rainforest
INTRODUCTION
Ecologists are fascinated by patterns in the biodiversity of tropical rainforests, including how and
why communities differ from one another, and why diversity is greater in some places than others.
In terms of known biodiversity, Southeast Asian tropical rainforests are one of the most diverse
terrestrial ecosystems on Earth (Corlett, 2014), with numerous poorly studied habitat types within
them. The major equatorial rainforest types in Southeast Asia are mixed dipterocarp forest (MDF),
heath forest and peat swamp forest (Whitmore, 1984). Heath and peat swamp forests occur on
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acidic sandy and wet peaty soils, respectively, and support lower
plant diversity compared to MDF (Bruenig and Droste, 1995;
Davies and Becker, 1996; Slik et al., 2009). However, compared to
macro-organisms, the community composition and diversity of
microorganisms in these rainforest habitats is largely unknown.
Soil microorganisms constitute the largest proportion of
the world’s biodiversity and are important to terrestrial
ecosystem functioning (Prosser, 2012). Thus, understanding their
biodiversity patterns and the major divers of these patterns in
natural habitats may be important for prediction of ecosystem
responses to a changing environment (Jing et al., 2015). Previous
studies of tropical soils have indicated that land use changes in
tropical regions influence soil microbial communities, which are
mainly driven by changes in soil chemical properties (Jesus et al.,
2009; Tripathi et al., 2012; Lee-Cruz et al., 2013; Rodrigues et al.,
2013; Kerfahi et al., 2014). Soil pH is becoming recognized as
one of the most import drivers of microbial community structure
and diversity in tropical soils at various scales (Jesus et al.,
2009; Tripathi et al., 2014). There have also been some studies
which compared the soil microbial community composition and
diversity in different rainforest habitat types (Satrio et al., 2009;
Araujo et al., 2012; Miyashita et al., 2013; Pacchioni et al., 2014;
Pupin and Nahas, 2014). However, most of these studies were
concentrated in Neotropical regions.
The present study concentrates on variation in soil bacterial
and fungal community composition and diversity in several
different types of lowland tropical rainforest habitat within
Brunei Darussalam, Northwest Borneo, in Southeast Asia. The
MDF forests dominate the lowland forests of Borneo (Ashton,
1988; Slik et al., 2003, 2009), whereas tropical heath and
peat swamp forests are relatively distinctive habitats compared
to MDF forests in Borneo in terms of species composition
and diversity (Brünig, 1974; MacKinnon, 1996; Cannon and
Leighton, 2004). Though the above ground diversity is well-
studied in these various rainforest types, it is still unclear whether
different rainforest habitats have distinct microbial community
composition and diversity, analogous to the distinct plant
community composition and diversity levels of these habitats
(Bruenig and Droste, 1995; Davies and Becker, 1996).
The present study was conducted in Brunei Darussalam,
Northwest Borneo, in Southeast Asia. Across Brunei, the major
rainforest types are MDF primary, MDF secondary and peat
swamp forests, with smaller scattered areas of heath forests
(Whitmore, 1984). This concentration of a range of different
rainforest types in close proximity provides an opportunity to
study the soil microbial community composition and diversity
under common climatic conditions while also diminishing the
potential effect of dispersal limitation, meaning that detected
differences can most likely be ascribed to differences in the soil
and plant community only. We used 16S rRNA gene and ITS1
region amplicon sequencing using Illumina MiSeq platform to
address the following questions:
(1) How do different rainforest habitats influence the OTU
composition of soil bacteria and fungi, and what are the
major soil properties linked to bacterial and fungal community
structure?
(2) What are the dominant higher level bacterial and fungal
taxa in each rainforest habitat type, and how does their relative
abundance vary with respect to different rainforest habitats?
(3) How does the alpha and beta-diversity of bacteria and fungi
vary across different rainforest habitats?
We hypothesized that white sand heath, inland heath and peat
swamp forests would show lower alpha- and beta-diversity of
bacteria and fungi, with relatively distinct microbial communities
compared to MDF primary and secondary forests due to
distinctive conditions of these environments.
MATERIALS AND METHODS
Site Description and Sample Collection
Five different lowland tropical rainforest types in Brunei
Darussalam, Northwest Borneo were selected for this study
(Figure 1). These forest types were MDF primary, mixed
dipterocarp secondary, white sand heath, inland heath, and
peat swamp forests. The MDF primary forest is dominated
by large tree species in the family Dipterocarpaceae and the
forest structure is complex and multi-layered. The sampled MDF
secondary forests were aged around 60 years (Davies and Becker,
1996). Previously, the secondary forest sampling area was covered
with primary forest (Davies and Becker, 1996). MDF secondary
forest is characterized by similar plant species composition to the
MDF primary forest, but differing by the dominance of pioneer
tree species such as Macaranga, Vitex, and Dillenia species. The
secondary MDF is also has a more open structure, consisting
of a complex mosaic of near- mature and regenerating forest
patches with contrasting plant compositions and micro-climates.
The white sand and inland heath forests differ considerably from
MDF forest both in plant species and structure (having a low and
uniform single-layered canopy with dense undergrowth full of
shrubs, herbs, pitcher plants, etc.). The main difference between
the two heath forest types we sampled is that inland heath forest
has low drainage capacity compared to white sand heath forest,
which means that the white sand heath forest is being more
susceptible to drought, while the inland heath forest can be
flooded for part of the year. The peat swamp forest sampled in this
study is dominated by a single canopy species of even aged/sized
trees of Shorea albida (Dipterocarpaceae), while general plant
diversity is much lower than in MDF, although the overall forest
structure can be quite similar.
Field sampling was carried out during the month of June 2014,
during a time with characteristic climate conditions in which
afternoon rainstorms occurred about every other day (Becker,
1992). Brunei has a seasonal climate, with two drier periods
February/March and July/August (Becker, 1992), and a mean
annual rainfall above 2300 mm (David and Sidup, 1996). Three
clusters of samples were taken in each forest type within a
3 km transect (Figure 1). Within each cluster, three quadrats
(10 m × 10 m in size) were collected at least 30 m apart
along a smaller scale linear transect (Figure 1). Each individual
sample consisted of five pooled samples (each approximately 50 g
from the four corners and one center point of the quadrat).
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FIGURE 1 | (A) Soil sample locations of different forest types in Brunei.
(B) Sampling scheme, three clusters of samples (designated as A–C) were
taken in each forest type within a 3 km transect. Within each cluster, three
quadrats (10 m × 10 m in size) were collected at least 30 m apart along a
smaller scale linear transect. Soil collected from the four corners and center of
the each quadrat was pooled to make one samples for DNA extraction and
soil property analysis.
The top 10 cm of soil was collected in a sterile sampling bag
after removing the litter layer. A total of 45 samples were
collected from five different forest types (nine samples from
each forest type). The collected soil samples were homogenized
by sieving (2 mm sieve), and stored at −20◦C until DNA
extraction.
Soil Properties Analysis
Geographical co-ordinates and soil temperature at 5 cm depth
were measured using a GPS device and a soil thermometer
at each sampling quadrat during field sampling. Soil pH,
gravimetric water content, organic matter content, total nitrogen
and available phosphorus concentrations, and soil texture were
measured at Universiti Brunei Darussalam using the standard
methods (Allen, 1989). Total nitrogen content was determined
by Kjeldahl method. Soil available phosphorus was extracted
using Bray’s reagent (0.025 M hydrochloric acid and 0.03 M
ammonium fluoride), and the phosphorus concentration in the
extracts was then determined using a UV-spectrophotometer
(UV-1800, Shimadzu, Kyoto, Japan). Soil organic matter content
was determined after incineration in a muﬄe furnace at 550◦C
for 2 h, according to the methodology described by Allen (1989).
DNA Extraction, PCR, and Illumina
Sequencing of 16S rRNA Gene and ITS1
Region
Soil DNA was extracted from each of the collected samples
using the PowerSoil DNA extraction kit (MO BIO Laboratories,
Carlsbad, CA, USA) following manufacturer’s instructions,
and DNA samples were sent to Macrogen Incorporated
(Seoul, Korea) for PCR amplification and sequencing. The
extracted DNA samples were amplified for V3 and V4
region of 16S rRNA gene using the primer pairs Bakt_341F
(5′-CCTACGGGNGGCWGCAG-3′) and Bakt_805R (5′-
GACTACHVGGGTATCTAATCC-3′) for characterizing the
bacterial communities (Herlemann et al., 2011). The fungal
internal transcribed spacer (ITS) region 1 was amplified using
ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2
(5′-GCTGCGTTCTTCATCGATGC-3′) primer pairs (White
et al., 1990; Gardes and Bruns, 1993). The resulting 16S rRNA
gene and ITS1 amplicons were sequenced using paired-end
(2× 300 nt) Illumina Miseq system (Illumina, USA).
Sequence Processing
The paired-end sequences of 16S rRNA gene and ITS1 amplicons
were assembled using PANDAseq assembler (Masella et al., 2012).
The initial sequence processing steps such as quality filtering
and sequence alignment were performed using mothur (Schloss
et al., 2009). The 16S rRNA gene sequences were aligned against a
SILVA alignment1. Chimeric 16S rRNA gene and ITS1 sequences
were identified using ‘chimera.uchime’ command implemented
in mothur in de novo mode (Edgar et al., 2011), and removed.
Taxonomic assignments of all the high quality 16S rRNA gene and
ITS1 sequences were performed in mothur using the EzTaxon-
e database2 (Kim et al., 2012), and UNITE database (Abarenkov
et al., 2010), respectively. To determine the ectomycorrhizal
(EcM) fungi we matched the fungal taxonomic assignments with
known EcM lineages (Tedersoo et al., 2010). The operational
taxonomic units (OTUs) were assigned for 16S rRNA gene and
ITS 1 sequences using mothur and QIIME implementation of
UCLUST (Caporaso et al., 2010; Edgar, 2010), respectively, with
a threshold of ≥97% sequence similarity. The entire singleton
OTUs were removed prior to analysis. All the 16S rRNA gene and
ITS1 sequences used in this study are deposited to metagenomic-
RAST server (Meyer et al., 2008) under the project ID 148753.
Statistical Analysis
Prior to statistical analysis, a random subset of 3,352 and 4,207
sequences per sample was generated for 16S rRNA gene and
ITS 1 sequences, respectively, to correct for the differences in
number of reads. To assess the differences in soil properties
among different forest types, we used analysis of variance
(ANOVA) or Kruskal–Wallis tests for normal and non-normal
data, respectively. Furthermore, parametric (Tukey’s HSD test)
or non-parametric (pairwise Wilcox test) post hoc tests were
1http://www.arb-silva.de/
2http://eztaxon-e.ezbiocloud.net/
3http://metagenomics.anl.gov/linkin.cgi?project=14875
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used in case of significant results of ANOVA or Kruskal–
Wallis tests, respectively. We used the Benjamini-Hochberg
correction to assess pairwise comparisons (P < 0.05; Benjamini
and Hochberg, 1995). A principal components analysis (PCA)
was performed on the correlation matrix of soil properties data
of each sample in Canoco 5.0 (Biometrics, Wageningen, The
Netherlands). We used permutational multivariate analysis of
variance (PerMANOVA, ‘adonis’ function in vegan R package)
to test the effect of forest type on a Euclidean distance
matrix of normalized soil properties data with 9999 random
permutations.
Cluster analysis was performed on Bray–Curtis distance
matrices of bacterial and fungal OTUs by using an unweighted
pair group mean (UPGMA) algorithm implemented in
the ‘hclust’ function of vegan R package (Oksanen et al.,
2007). As 16S rRNA genes are suitable for phylogenetic
analysis, a unweighted UniFrac distance matrix was also
generated for bacteria (Lozupone et al., 2011). Bray–Curtis
and unweighted UniFrac distance matrices were further
visualized by non-metric multidimensional scaling (NMDS)
plots. Furthermore, PerMANOVA was used to evaluate the
effect of forest type on Bray–Curtis and unweighted UniFrac
distance matrices with 9999 random permutations. To detect
possible associations between bacterial and fungal community
structure and soil properties, the vectors of significant soil
properties (P < 0.05) were fitted onto ordination space using
the ‘envfit’ function of the vegan R package with 999 random
permutations.
The significant differences in composition and diversity
of bacterial and fungal taxa in different forest types were
analyzed by ANOVA or Kruskal–Wallis tests as described
above. To test the relationship between soil properties and
the relative abundance of dominant bacterial and fungal
phyla, we used the Spearman rank correlation test. We
performed linear regression analysis to test for differences in
alpha-diversity (Shannon index) in relation to soil properties.
We used the betadisper function of ‘vegan’ R package to
assess the differences in beta-diversity among different forest
types, and significance of this test was determined using 999
permutations.
RESULTS
Soil Properties among Forest Types
All the measured soil properties varied significantly among
different forest types, except for total nitrogen and silt
concentrations (Table 1). PCA of the different soil properties
measured indicated that peat swamp forest sites were clearly
distinct from other forest types (Supplementary Figure S1);
however, sites from other forest types were not well-separated
from each other (Supplementary Figure S1). The first two axis
of the PCA explained about 71% of the total variance, with
axis 1 and 2 explaining 51.6 and 19.4% of the total variance,
respectively. The PerMANOVA analysis revealed a statistically
significant effect of forest type on soil properties (P < 0.001, 9999
permutations).
Bacterial and Fungal Community
Composition among Forest Types
The UPGMA clustering analysis based on Bray–Curtis distance
showed that bacterial and fungal community compositions were
largely separated by forest types (Supplementary Figure S2). The
bacterial and fungal communities in white sand heath forest
were most distinct from all other forest types (Supplementary
Figure S2). Whereas, MDF primary and secondary forests had
most similar bacterial and fungal community composition.
However, in the MDF secondary forest there were two and
four extreme bacterial and fungal communities, respectively.
The bacterial communities of inland heath and peat swamp
forests were at the same distance level to the MDF primary and
secondary forest communities, whereas, bacterial communities in
these forests were in turn at the same distance level to those in
the white sand heath forest. In the case of fungi, inland heath
forest communities are closer in composition to MDF forests
than to peat swamp and white sand heath forests communities.
The UPGMA clustering results were further corroborated by
the NMDS ordination plot, which also showed that bacterial
and fungal community compositions were segregated by forest
type (Figures 2A,B). The PerMANOVA analyses indicated that
forest type explained 36.1 and 37.8% variation in bacterial
and fungal community composition, respectively (P < 0.001,
9999 permutations). The phylogenetic community composition
of bacteria, based on unweighted UniFrac distance also
displayed similar pattern as that of bacterial OTU composition
(Supplementary Figure S3), and also significantly influenced by
forest type (PerMANOVA, P < 0.001, 9999 permutations).
To further investigate the effect of soil properties on bacterial
and fungal community structure, the vectors of environmental
variables were fitted onto ordination space. The environmental
fitting analysis indicated that of the measured soil properties, soil
pH, organic matter content, gravimetric water content, available
phosphorus, temperature, sand and clay content were strongly
correlated with bacterial and fungal community structure
(Supplementary Figure S3 and Figures 4A,B).
Dominant Bacterial and Fungal Taxa
A total of 150,840 good quality bacterial 16S rRNA gene
sequences were obtained (3,352 randomly selected reads per
sample). Proteobacteria was the most dominant bacterial phylum
(40.6% of all bacterial sequences) followed by Acidobacteria
(37.2%), Planctomycetes (7.1%), Actinobacteria (3.5%),
Verrucomicrobia (3.4%), and Chloroflexi (2.9%; Figure 3A).
Except Planctomycetes, the relative abundance of these phyla
varied significantly (P < 0.05) among forest types (Table 2).
For fungal ITS1 sequences, a total of 189,315 high quality
sequences were obtained from 45 samples (4,207 randomly
selected reads per sample). The most abundant fungal phylum
detected across all samples was Ascomycota (54.1% of all fungal
sequences) followed by Basidiomycota (15.4%), and 30.1%
of the detected sequences were unclassified (Figure 3B). The
relative abundance of these most abundant fungal phyla varied
significantly in relation to different forest types (Table 2). The
relative abundance of Ascomycota was higher in white sand and
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TABLE 1 | Values of (mean ± SD) of soil properties in different forest types.
Soil properties MDF primary forest MDF secondary forest White sand heath forest Inland heath forest Peat swamp forest
Temperature (◦C)2 26.1 ± 0.4 b 27.8 ± 1.5 a 27.4 ± 0.7 a 26.2 ± 0.4 b 26.7 ± 0.3 a
Gravimetric water content (gg−1)2 0.24 ± 0.06 c 0.18 ± 0.02 c 0.26 ± 0.13 c 0.46 ± 0.14 b 2.95 ± 0.53 a
pH1 3.9 ± 0.2 b 4.3 ± 0.3 a 4.2 ± 0.3 ab 3.2 ± 0.2 c 3.4 ± 0.2 c
Organic matter (%)2 12.6 ± 3.5 c 10.4 ± 5.9 c 46.7 ± 11.9 b 45.1 ± 17.7 b 97.7 ± 0.6 a
Total nitrogen (mg g−1)1 16.1 ± 4.3 a 10.2 ± 5.5 a 17.2 ± 9.7 a 15.1 ± 13.2 a 9.2 ± 1.6 a
Available phosphorus (µg g−1)2 67.6 ± 2.8 b 68.5 ± 8.1 b 64.4 ± 2.6 b 64.1 ± 2.5 b 85.4 ± 7.7 a
Clay (%)2 7.9 ± 5.7 a 4.9 ± 2.5 ab 2.4 ± 2.3 bc 2.2 ± 0.9 c 11.6 ± 9.2 a
Silt (%)2 71.7 ± 6.3 a 75.3 ± 3.6 a 72.8 ± 3.5 a 73.6 ± 4.7 a 70.1 ± 9.9 a
Sand (%)2 20.4 ± 2.4 ab 19.8 ± 2.0 ab 24.7 ± 4.3 a 24.2 ± 5.3 a 18.1 ± 1.8 b
Means on the same row with different letters were significantly different (P < 0.05) based on Tukey’s HSD test (1) or pairwise Wilcox test (2) followed by Benjamini-Hochberg
correction for multiple comparisons.
FIGURE 2 | Non-metric multidimensional scaling plot of (A) bacterial, and (B) fungal communities based on pairwise Bray–Curtis distances. A vector
overlay of the significantly correlated variables is shown on the plot. GWC, gravimetric water content and OM, organic matter content.
inland heath forests (Table 2), whereas the relative abundance
of Basidiomycota was higher in MDF primary and secondary
forests (Table 2).
A total of 18,460 sequences belonged to known EcM fungal
genera, representing around 9.7% of the total detected fungal
sequences. The relative abundance of the detected EcM fungal
genera varied significantly between forest types, with highest and
lowest relative abundance observed in MDF primary forest and
white sand heath forest, respectively (P < 0.0001; Table 2). The
most abundant EcM fungal genus was Russula (78% of total EcM
sequences), followed by Amanita, Thelephora, and Tomentella.
The relative abundance of Russula also varied significantly
between forest types, and showed similar pattern to that of total
EcM fungi (Supplementary Table S1).
The relative abundance of Proteobacteria, Acidobacteria, and
Chloroflexi was significantly correlated with gravimetric water
content, soil pH, and organic matter content (Table 3). Whereas,
the reactive abundance of Planctomycetes and Actinobacteria
correlated with clay content (Table 3). Additionally, soil
temperature and sand content was also found to be correlated
with the relative abundance of Acidobacteria and Actinobacteria,
respectively. The relative abundance of Verrucomicrobia was not
correlated with any of the environmental variables measured
(Table 3). The relative abundance of the most dominant fungal
phylum Ascomycota was significantly correlated only with clay
content, whereas the relative abundance of Basidiomycota the
other dominant fungal phylum was significantly correlated with
gravimetric water content and organic matter content.
The Alpha and Beta-Diversity of Bacteria
and Fungi
The alpha-diversity index (OTU richness and Shannon index)
of both bacteria and fungi also varied significantly among forest
types (Table 4). The lowest average bacterial alpha diversity
was observed in inland heath and peat swamp forest, whereas
fungal alpha diversity was lowest in peat swamp forest only,
although due to high variation in diversity values, considerable
overlap in diversity existed between some forest types (Table 4).
Bacterial Shannon diversity index correlated positively with soil
temperature and pH (Figure 4A), whereas gravimetric water
content and organic matter content of the soils displayed negative
correlation with bacterial diversity indices (Table 3). Available
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FIGURE 3 | Relative abundance of dominant (A) bacterial phyla observed in 16S rRNA gene sequences and (B) fungal phyla in ITS1 sequences in
different forest types.
TABLE 2 | Comparison of relative abundance (mean ± SD) of dominant bacterial and fungal phyla, and EcM fungi among forest types.
Dominant taxa MDF primary forest MDF secondary forest White sand heath forest Inland heath forest Peat swamp forest
Bacteria
Proteobacteria1 43.8 ± 3.9 a 45.4 ± 5.5 a 35.6 ± 3.3 b 42.5 ± 4.3 a 35.8 ± 2.0 b
Acidobacteria1 36.3 ± 5.0 b 26.6 ± 4.3 c 38.1 ± 5.0 b 38.8 ± 6.7 b 46.0 ± 3.3 a
Planctomycetes1 7.0 ± 0.9 a 7.1 ± 1.5 a 7.2 ± 1.0 a 7.7 ± 1.5 a 6.7 ± 1.0 a
Actinobacteria2 2.8 ± 1.0 b 3.4 ± 1.5 b 5.9 ± 2.6 a 3.6 ± 2.1 b 1.7 ± 0.9 c
Verrucomicrobia2 3.2 ± 0.5 a 3.6 ± 1.5 a 4.6 ± 2.3 a 2.2 ± 0.5 b 3.5 ± 0.8 a
Chloroflexi2 2.9 ± 1.8 b 8.7 ± 6.1 a 2.6 ± 2.4 b 0.4 ± 0.5 c 0.1 ± 0.1 c
Fungi
Ascomycota1 36.9 ± 18.1 b 49.3 ± 18.7 ab 66.3 ± 12.4 a 65.2 ± 16.6 a 52.6 ± 23.8 ab
Basidiomycota1 33.1 ± 17.7 a 22.2 ± 17.6 ab 3.7 ± 2.9 c 11.8 ± 11.8 bc 6.4 ± 3.9 bc
EcM fungi2 25.8 ± 18.0 a 12.8 ± 17.5 abc 0.1 ± 0.0 d 9.2 ± 11.1 b 0.9 ± 0.8 c
Different letters represent means that were significant different (P < 0.05) based on Tukey’s HSD test (1) or pairwise Wilcox test (2) followed by Benjamini-Hochberg
correction for multiple comparisons.
phosphorus and soil clay content were negatively correlated with
the Shannon index of the fungi (Figure 4B), while sand content
was found to be positively correlated with fungal Shannon index
(Table 3). The Whittaker beta-diversity of bacterial and fungal
communities, measured as the average distance of all samples
to the centroid in each forest type varied significantly among
forest types (Figure 5). The MDF secondary and white sand heath
forests having highest bacterial beta-diversity, whereas MDF
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TABLE 3 | Spearman rank correlations between soil properties and the relative abundance of dominant bacterial and fungal phyla, and alpha diversity
indices.
Jamini Temperature
(◦C)
GWC
(gg−1)
pH Organic
matter (%)
Total
nitrogen
(mg g−1)
Available
phosphorus
(µg g−1)
Clay (%) Sand (%) Silt (%)
Bactetial phyla
Proteobacteria 0.04 −0.6∗∗∗ 0.52∗∗∗ −0.58∗∗∗ 0.24 −0.11 0.1 0.08 −0.03
Acidobacteria −0.34∗ 0.61∗∗∗ −0.66∗∗∗ 0.65∗∗∗ −0.2 0.26 0.08 −0.11 −0.15
Planctomycetes 0.04 −0.14 0.23 0.04 0.26 −0.05 −0.44∗∗ 0.16 0.18
Actinobacteria 0.12 −0.21 0.11 −0.13 0.26 −0.59 −0.31∗ 0.38∗∗ 0.09
Verrucomicrobia 0.08 0.21 0.02 0.09 0.11 0.04 0.26 −0.2 −0.02
Chloroflexi 0.09 −0.52∗∗∗ 0.51∗∗∗ −0.71∗∗∗ 0.17 −0.28 0.01 0.11 0.09
Fungal phyla
Ascomycota 0.08 0.19 −0.11 0.3 −0.05 −0.21 −0.37∗ 0.26 0.1
Basidiomycota −0.09 −0.44∗∗ 0.27 −0.51∗∗∗ 0.03 0.03 0.29 −0.09 −0.12
Alpha diversity bacteria
OTU richness 0.49∗∗ −0.45∗∗ 0.8∗∗∗ −0.45∗∗ 0.12 −0.05 0.04 −0.07 0.18
Shannon index 0.51∗∗∗ −0.45∗∗ 0.8∗∗∗ −0.48∗∗ 0.11 −0.02 0.1 −0.07 0.19
Alpha diversity fungi
OTU richness −0.3 −0.28 0.13 −0.4∗ 0.15 −0.41∗∗ −0.18 0.26 0.14
Shannon index 0.03 −0.25 0.25 −0.24 −0.03 −0.43∗∗ −0.35∗ 0.44∗∗ 0.12
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
TABLE 4 | The alpha diversity indices (OTU richness and Shannon index) of bacteria and fungi in different forest types.
MDF primary forest MDF secondary forest White sand heath forest Inland heath forest Peat swamp forest
Bacteria
OTU richness 619 ± 37 ab 703 ± 82 a 688 ± 93 a 510 ± 46 c 567 ± 44 bc
Shannon index 5.0 ± 0.1 bc 5.3 ± 0.3 a 5.3 ± 0.4 ab 4.7 ± 0.1 d 4.9 ± 0.1 cd
Fungi
OTU richness 390 ± 94 a 361 ± 80 a 318 ± 55 ab 372 ± 73 a 243 ± 44 b
Shannon index 3.8 ± 0.9 ab 3.9 ± 0.9 ab 4.1 ± 0.5 a 4.1 ± 0.5 a 3.0 ± 0.6 b
Values with different letters were significantly different (P < 0.05) based on Tukey’s HSD test followed by Benjamini-Hochberg correction for multiple comparisons.
primary and secondary forests had highest fungal beta-diversity
(Figure 5).
DISCUSSION
Distinct Soil Conditions amongst the
Different Forest Types
The soil conditions varied significantly among different forest
types (Table 1), reflecting the broad scale mosaic of environments
within the lowland forests of Brunei (Moran et al., 2000;
Din et al., 2015). The primary dipterocarp forest was toward
the more acidic end of the normal range of pH for lowland
terra firme rainforest (about pH 3.7–5.5), with typical available
P and total N content (Sukri et al., 2012). The secondary
forest had somewhat higher pH, but similar available P and
total N levels. Soil temperature in the secondary forest at the
time of sampling was somewhat higher on average, likely due
to the more open canopy allowing greater daytime heating
of the soil surface. Organic matter content was higher in
both white sand and inland heath forests compared to MDF
primary and secondary forest. The water logged environment
of heath forests with limited oxygen levels might lead to
accumulation of organic matter content (Moran et al., 2000).
The sand content of both heath forest types was similar to
the MDF primary and secondary forests. Our own examination
of these soils before analyses showed that the white quartz
grain component of the soils in both these heath forest types
was unusually fine grade at these sites, and probably it ended
up classified as silt grade. The inland heath forest was very
acidic and high in soil gravimetric water content, showing
swampy conditions. Swampy areas in heath forests are quite
common in this region (Moran et al., 2000; Din et al., 2015).
The peat swamp forest soils were very acidic, with higher
organic matter and available P contents than the other forest
types, and its gravimetric water content was much higher –
reflecting the high water table and the abundant spongy peat.
The higher level of nutrients in peat swamp forest is not
unusual, as the peat soil is generated from the accumulation of
partially decayed organic matter due to water logged conditions
with limited oxygen supply (Andriesse, 1988; Satrio et al.,
2009).
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FIGURE 4 | The relationships between (A) bacterial, and (B) fungal Shannon index and soil properties with symbols coded by forest types. Linear
regressions were used to test the correlation between Shannon index and soil properties.
Are There Distinct Microbial
Communities on Different Rainforest
Types?
The results of our comparison of soil bacterial and fungal
communities across Brunei forests revealed that there are distinct
community types in different types of rainforest. The community
composition of fungi and bacteria in each forest type was
significantly different from all of the others, but the most distinct
community is that of the peat swamp forest. The distinct nature
of these communities suggests that there is strong environmental
and perhaps evolutionary selection for both bacterial and fungal
OTUs better adapted in each environment. The clustering
patterns of bacterial and fungal communities were very similar to
one another, and influenced by soil pH, organic matter content,
gravimetric water content, available phosphorus, temperature,
sand and clay content. Previous studies on tropical soils have also
shown that microbial community composition is influenced by
variations in underlying soil properties due to land use change
(Jesus et al., 2009; Tripathi et al., 2012, 2013; Lee-Cruz et al., 2013;
Kerfahi et al., 2014).
The most abundant bacterial phyla detected across the samples
were Proteobacteria and Acidobacteria, which is consistent with
the results of previous studies on rainforest soils (Kanokratana
et al., 2011; Tripathi et al., 2012; Lee-Cruz et al., 2013). The
relative abundance of Proteobacteria was significantly lower
in white sand heath and peat swamp forests, and this result
could be due to restricted nutrient availability in oxygen-limited
waterlogged environments of white sand heath peat swamp
forests (Moran et al., 2000; Page et al., 2006). It has been shown
that the relative abundance of major proteobacterial subphyla
increases with nutrient additions (Leff et al., 2015). However, the
relative abundance of Acidobacteria was significantly higher in
peat swamp forests and negatively correlated with soil pH – a
result which is to be expected as peat soils had very low pH, and
most of the acidobacterial lineages are shown to dominate acidic
soil environments (Jones et al., 2009). The relative abundance
of Actinobacteria was highest in white sand heath forest, and
positively correlated with the sand content of soil. These results
are in agreement with previous observations that the members
of phylum Actinobacteria are generally abundant in sandy forest
soils (Russo et al., 2012; Pacchioni et al., 2014). The dominance of
photosynthetic bacterial phylum Chloroflexi in secondary forests
could be explained by that, due to more open canopy secondary
forest soils are exposed to sunlight to a greater extent than other
forest soils (Nacke et al., 2014).
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FIGURE 5 | The Whittaker beta-diversity of (A) bacterial community
and (B) fungal community in five different forest types in Brunei,
Borneo. Significant differences (P < 0.05) between forest types, when
present, are indicated by different letters.
At the broad taxonomic level, the relative abundance of
fungal taxa detected in this study is similar to the soils of other
tropical regions, where Ascomycota and Basidiomycota are also
the most predominant phyla (Kerfahi et al., 2014; McGuire et al.,
2014). Compared to MDF primary forest, there is an increased
proportion of Ascomycota in other forest types. Ascomycota
are often found at higher abundance in stressful environments
(De Beeck et al., 2015), and the communities here appears to
reflect this pattern. However, the lower relative abundance of
Basidiomycota in white sand heath forest, inland heath forest and
peat swamp forest reflect the distinctive conditions in these forest
types compared to MDF forests, as numerous Basidiomycota
fungi tend to be slow-growing, late-successional fungi that are
sensitive to physical and chemical perturbations (Frankland,
1998; Osono, 2007).
Are Distinctive Conditions Associated
with Lower Fungal and Bacterial
Diversity?
We expected to find lower alpha- and beta-diversity of bacteria
and fungi in the more distinctive environments of the heath
and peat swamp forests. This would be due to a combination
of the low likelihood of lineages acquiring the evolutionary
adaptations necessary to live in the conditions of low pH and
water logged environments with limited oxygen supply. However,
the observed diversity patterns did not follow these predictions.
Alpha diversity of bacteria was higher in the white sand heath
forest than in MDF primary forest, and similar to MDF secondary
forest, while inland heath and peat swamp forest had almost
similar level of alpha diversity to the MDF primary forest.
When samples across all the forest types were compared in
relation to soil parameters, pH emerged as overwhelmingly the
strongest predictor of bacterial alpha diversity (Figure 4A).
This result gives further confirmation of the generality of the
pattern observed in other contexts around the world (Fierer and
Jackson, 2006; Lauber et al., 2009; Tripathi et al., 2012), that
bacterial alpha diversity increases toward neutral pH. Bacterial
beta-diversity was highest in the white sand heath forest and in
the MDF secondary forest – the same pattern as for bacterial
alpha diversity. The other forest types had almost similar levels
of bacterial beta diversity to one another. It appears that in this
case tree species diversity has no bearing on the beta-diversity,
perhaps reflecting the generally looser relationships between soil
bacterial diversity and particular tree hosts (Millard and Singh,
2010).
Fungal alpha diversity was the same in all of the forest types
except peat swamp forest. Thus, despite the apparently extreme
conditions of two types of heath forests, fungal alpha diversity is
no lower than in MDF primary or secondary forests. Only the
peat swamp forest, perhaps because of waterlogged conditions,
had lower fungal diversity. Beta diversity of fungi was, however,
greater in the MDF primary and secondary forests than in the
heath and peat swamp forests. This might be explicable in terms
of the lower plant species diversity of these other non-terra firme
forest types (Davies and Becker, 1996). Fungi often are involved
in direct interactions with plants (Broeckling et al., 2008; Millard
and Singh, 2010), and mycorrhizal fungi are specialized to grow
under direct symbiotic relationships with plants (Gao et al.,
2013). The greater beta diversity in the two terra firme forest types
might then reflect the greater tree species diversity of these, with
different samples able to reflect the range of host-tree-specific
fungal communities that are present. An important role of the
woody plant cover is also supported by the dominance of EcM
fungi in MDF forests, EcM fungal groups are often dominant in
Southeast Asian dipterocarp forests (Peay et al., 2010; Brearley,
2012; McGuire et al., 2014). Also importance might be a greater
range of different saprotrophic fungal communities resulting
from the input of different litter types from a more diverse
assemblage of tree species.
Overall, this study confirmed our expectations that
within the tropical rainforest, there is a strong degree
of ecological differentiation in soil bacterial and fungal
communities. However, the patterns in soil microbial
diversity that we found amongst the various forest types
in Brunei do not closely conform to our predictions that
distinctive environments would show lower alpha- and beta-
diversity of bacteria and fungi. There is need for further
theoretical consideration to try to explain why the apparently
distinctive and geologically ‘ephemeral’ environments of
heath and peat swamp forests are about as diverse, or more
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diverse, than terra firme MDF primary and secondary
forests.
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